Abstract-Seismic and rock burst hazard is a very important factor that has to be considered in seismically active mining areas. Several different methods are used to decrease seismic activity in mines. Among others, an active prevention method known as destress blasting, is considered the most effective technique. The aim of this work is to find possible influences of such active prevention on observed seismic activity recorded in the established waiting time after blasts. Using technological knowledge and seismic data recorded by an underground seismic network, we estimated several parameters that characterize sources provoked by blasting works and compared them with the parameters obtained for spontaneous, non-provoked mining tremors. According to our studies the source mechanisms of post-blasting seismicity are characterized by the similar non-DC part of the full moment tensor whereas the source mechanisms of spontaneous events are not characterized by any specific features. On the other hand nonprovoked seismicity presents lowest values of apparent stress. Also E S to E P ratio suggest some differences between events occurred immediately after blasting (up to 30 s) and the rest dataset. We believe that these parameters could be considered valuable tools supporting established safety time limitations after active prevention.
Introduction
Legnica-Głogów Copper District (LGCD), Poland, is a mining area with three deep mines characterized by very high seismic activity. More than 2500 events above M0.8 (seismic energy E10 3 J)
are registered every year in the LGCD by local and regional seismic networks (Lasocki 2005; Rudziński and Dineva 2017) . All three mines (Lubin, Polkowice-Sieroszowice and Rudna- Fig. 1 ) exhibit high seismicity rates associated with rockbursts. These rockbursts include tunnel collapses, footwall uplift and/or sidewall failures. On average, 16 rockbursts were observed every year during the period 1990-2010 (Butra and Kudełko 2011) . The last tragic rockburst occurred on Rudna mine in late November, 2016 and caused 8 fatalities, massive tunnels collapse and footwall uplift in the whole affected mining panel (Lasocki et al. 2017 ). Due to tectonic and exploitation stresses, the majority of LGCD's mining panels are located in the zones with the highest level of rockburst hazard. To reduce the risks of rockburst, mining management has implemented several prevention methods divided into passive and active types. While passive prevention includes special designed room and pillars mining system with roof support, active prevention, among others, consists of destress blasting. The latter method is considered the most effective way to destress the rock mass in the vicinity of the mining faces. Additionally in Polish copper mines, the detonation of the explosive charge is used as a method of copper ore excavation.
The seismicity in the blasted panel is expected to increase for some time after the detonation, during a socalled 'waiting time'. It is a time period after the blasting operations are completed, in which all work activists are hold. Based on mining seismic catalogues, we can conclude that more than 30% of all mining events observed in the LGCD occurred during the waiting-time. These events in mining nomenclature are treated as provoked by the active prevention (Goszcz 1999) . While the majority of provoked tremors are usually recorded within 2 h after detonation (Gogolewska and Biernat 2005) , several events with M [ 2.5 (some of them associated with rockbursts)
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have even occurred more than 6 h after the blasting works (Kłeczek 2004) . These events are often observed especially after torpedo blasting in the tunnel roof. For these kind of blastings the amount of explosives is up to two times higher than during winning blasting. Currently, the analysis of cumulative energy released during established waiting time is used to quantify the effectiveness of the stress reduction during active prevention. This approach is commonly used and has been described by many authors, e.g. Hinzen (1998) ; Sanchidrián et al. (2007) and Konicek et al. (2013) . On the other hand, there is no direct seismological evidence that the physical processes for events triggered by blasting are similar or different from seismicity occurring spontaneously beyond the established timing criteria. The current stage on this area is still challenging (Konicek et al. 2013; Caputa et al. 2015; Wojtecki et al. 2016 Wojtecki et al. , 2017 and is essential for improving exploitation under high seismic hazard conditions in different mining environments.
In this paper, we focus on two different groups of mining seismicity provoked and non-provoked events, recorded with an underground recording system belonging to Rudna mine. Since there are no direct scientific evidences that seismicity observed just after active prevention is connected with blasting works, we tried to find possible characteristic features of seismicity induced by explosive charge detonations in deep mines. The results obtained in this study shed some light on this important issue. Investigating the source mechanisms of these seismic events and their spectral source parameters we would like to extend the previous studies based only on moment tensor inversion analysis of post-blasting seismic records (Caputa et al. 2015) . The current study is a next step towards understanding the influence of active prevention on the observed seismic activity.
Site Description
The LGCD district is located in south-western Poland and it's an important mining area (Fig. 1) . The geological resources are estimated at 1.7 billion tons of copper ore with 1.84% average Cu content (acc. http://www.kghm.com accessed January 13, 2019). The stratoidal type copper deposit on the Foresudetic Monocline is characterized by small 10º  12º  14º  16º  18º  20º  22º  24º   10º  12º  14º  16º  18º  20º  22º  24º   56º   54º   52º   50º   48º   56º   54º   52º   50º   48º LGCD A. Caputa and Ł. Rudziński Pure Appl. Geophys. inclination (approximately 4°towards the NE) and variable thickness (from 0.4 to 26 m). Varying lithological profiles contain Rotliegend sandstones in the floor of the copper ore strata, a thin strata of ore shales (* 0.4 m) and dolomites or limestones of the Wera cyclothem in the upper part and above the extraction level. Because of the diversity in the ore body hardness (from 15 to 170 MPa), blasting on the mining front is the only method in Polish mines, to obtain the copper ore. The ore mineralization can be found at depths between 600 and 1200 m below the surface (Goszcz 1999) . Exploitation in the mines is carried out by winning blasting in several mining panels using a room-and-pillars mining system. This paper addresses the data recorded on the G-11/8 mining panel, which is located in the north-western part of the Rudna mine (Fig. 2) .
Blasting Work Characterization on the G-11/8 Mining Panel
In Polish copper mines several types of blasting are applied, such as group winning blasting, destress blasting in sidewalls, and torpedo blasting in the floor, pillars and roof (Gogolewska and Biernat 2005) . During active prevention combined with extraction what is carried out using group winning blasting, the explosive charges are detonated simultaneously in blast holes located in several mining faces. Such practice destructs ore-bearing rocks and changes the state of stress in the nearest rocks. This can be responsible for tremors and in this way decrease the seismic hazard in the blasted panel. Due to the complexity of the ore deposit, depth of the excavation and geomechanical conditions of the mining strata, the northern part of the Rudna mine, where the G-11/8 mining panel is located, is seismically hazardous. To minimize seismic and rockburst hazard and to excavate the copper ore in the G-11/8 section, a modified method of group winning blasting with elongated blastholes has been developed (Fig. 3) . First, the ore was exploited via daily detonations of explosive charges in short breaking-in holes (several meters long, depending on local mining and geological conditions; approximately 3 m on the G-11/8 panel). Usually, a maximum of 30 short boreholes were drilled on one mine face with a maximum of 4 kg of explosive charge per borehole. During the active prevention, additional long and large diameter holes (10-12 m long, Ø 127 mm) were drilled in the middle of the mine face and filled with 40-50 kg of explosive charge (Dubiński and Konopko 2000) . The winning blasting with elongated blastholes on the G-11/8 section had been performed simultaneously in 5 mine faces. Another kind of prevention blasts were explosions in the solid, pillars and in the floor. Detonation of the explosive charge in solid and pillars are common practise in polish copper mines to decrease the stresses accumulated in the vicinity of the mining face and in supporting pillars. This kind of works were conducted by detonation of small charges (max 3 kilos per hole) in 3 m blastholes with diameters of 48 or 64 mm. Prevention blasts in the floor were performed less frequently than other prevention blastings due to the specific geomechanical condition of excavated ore-bearing rocks. Sandstone floor rocks have lower capacity to accumulate elastic energy than carbonate roof rocks. For these reasons destressing detonations were made using short boreholes (1.5 m) with diameters of 40 or 50 mm drilled in the floor, at an angle of 608 to 708 (Gogolewska 2010) . The last and the least-used method within the prevention in G-11/8 panel was torpedo blasting in the roof. These kind of blasting works consisted of drilling long boreholes in the roof rocks in the area of mining face or over the solid and detonate a big amount of explosives (up to several hundred kilos per one borehole) (Dubiński and Konopko 2000) . This method was used once every 3 months and led to destressing hard and thick carbonate roof rocks which are characterized by high stress accumulation capacity. Other prevention methods were used at least, once a week and winning blasting were conducted every day. Blasting works in Rudna mine are conducted between working shifts and with established waiting time. Waiting time is established individually for different mining panels depending on specific geological and mining conditions, distance from the blasting site as well as on blastings type. It can vary from 30 min for the mining panels of the lowest rockburst hazard and low charge detonations (Butra and Kudełko 2011) to even 24 h in a blasting area of the highest rockburst hazard zones. After blasting, the waiting time for the entire G-11/8 section was also established. At distances up to 150 m from the blasting site, the time was 1 h 30 min while for the site with high rockburst hazard, the waiting time was extended to 24 h. It is worth to mention here, that the last of the waiting time was rather arbitrary chosen without any supports from scientific results.
Data Description
Induced seismicity in Rudna mine is observed via an underground local seismic network (Fig. 2 ) that consists of 32 vertical Willmore III seismometers (1-100 Hz) located at the excavation level or in the middle depth of the mining shafts. The depth of the sensors vary from 650 to 1150 m. Five sensors are located on the shafts approximately 300 m below the surface. Signals are recorded with a sampling rate of 500 sps. The relatively low dynamic range (less than 66 dB) causes signals clipping in the case of a strong seismic tremor (Koziarz and Szłapka 2010; . The network is able locate seismic events with high precision, i.e., a resolution of less than 100 m horizontally and approximately 300 m vertically (Rudziński and Dębski 2011) .
In mining panel G-11/8 the deposit was exploited from the beginning of the XXI century to the end of 2014. During this period, 29,135 tremors were recorded, and 329 of them were classified as high energy seismic events (E [ 10 5 J, M [ 2.0). In this study, we use data for the tremors occurred between 2011 and 2014. The catalogue for this time includes 18,098 events but in our study we looked for events with energy greater than 10 5 J. Finally, our database contained 51 tremors classified as post-blasting events that took place during the waiting time after active prevention, and the rest (50 quakes) were considered as non-provoked by any blasting works and occurred spontaneously (beyond the waiting time). Presented classification was based on the mining catalogs which include origin time, location, energy of events as well as information about the reference time corresponding to detonations done in selected mining panel. The total database contained 101 tremors with energy from 1.1 9 10 5 to 3.2 9 10 7 J, which corresponds to energy magnitudes 1.45 \ M e \ 3.3 (Rudziński and Dineva 2017) .
The source locations of the events were obtained with high precision with average errors of epicentral coordinates less than 100 m. The depth estimates had higher uncertainties of more than 300 m.
Methods and Results

Focal Mechanisms Analysis
The focal mechanisms for each event was estimated using manually picked P-wave onsets on all 32 sensors using amplitude inversion in the time domain. Since mining induced tremors are often characterized by significant non-double-couple (non-DC) components (e.g., Dreger et al. 2008; Rudziński et al. 2016) , we decided to estimate a full moment tensor (MT) instead of a simple DC source model. A full MT can be further decomposed into isotropic (ISO) and deviatoric parts (Jost and Herrmann 1989) . The isotropic part of the full MT reflects the volume changes in the source while the deviatoric component can be further split into a compensated linear vector dipole (CLVD), corresponding to uniaxial compression or tension and a DC, which indicates a pure shear motion in the source on one of the possible fault planes. This decomposition is often used in mining seismology (Hasegawa et al. 1989 ). The full MT solutions were estimated using the FOCI MT software (Kwiatek et al. 2016) . The procedure used seismograms in the time domain and amplitudes for P-waves onsets, recorded by the underground Rudna mine seismic network (Fig. 2) . The estimations were performed with the settings and velocity model already tested for the local Rudna mine seismicity (e.g., Król 1998; Lizurek and Wiejacz 2011; Caputa et al. 2015; Lizurek et al. 2015) . Since the catalogue is characterized by a relatively low depth accuracy (Rudziński and Dębski 2011) , the parameter was corrected during inversion to obtain the smallest misfit.
We analysed 101 seismic events that occurred in panel G-11/8 and had energies greater than 10 5 J (Fig. 4a, b) . The whole dataset was divided into two groups. The first group (I in Fig. 5 ) consists of the provoked events that occurred during the waiting time, while the second group (II in Fig. 5 the rest of events that happened spontaneously besides the established time period. Group I is subdivided into two sub-parts: the events recorded up to 30 s after the detonation (IA in Fig. 5 ) and subgroup IB (IB in Fig. 5 ) with events registered during the waiting time after the blasting. In this paper, the time criteria were taken directly from mining experience for panel G-11/8.
Group IA contains 19 tremors with energies between 1.2 9 10 5 and 3.7 9 10 6 J. Eleven of them were recorded at the moment of detonation (marked in the seismic catalogue as 0 s after detonation). Group IB consists of 32 events (energy 1.0 9 10 5 to 1.9 9 10 7 J) that occurred at different times from 9 to 1220 min after detonation. The first interesting features are similar focal mechanisms of post-blasting sources (Fig. 4) , which are dominated by positive ISO and CLVD parts of the full MT for all sources in group I (Fig. 5 ). Let us now consider the full MT decomposition assuming that 100% is equal to 1. The average ISO component for group I is 0.21 ± 0.09 while CLVD is 0.61 ± 0.13. The average DC part is smaller in this group at 0.19 ± 0.13. The existence of the volumetric changes in the sources is even more (Fig. 6) . The average CLVD has the highest values for both sub-groups: 0.58 ± 0.11 for IA and 0.62 ± 0.13 for IB, which are similar to each other (Fig. 6 ). In case of DC component, its average in IA is only 0.14 ± 0.07, and this value is statistically significant and higher than DC of subgroup IB which is 0.22 ± 0.15 (Fig. 6) . The abovementioned results suggest direct influence of the detonation on seismic sources registered close in time to the blasting works. The explosive parts of sources could be connected with rock fracturing due to explosion. Although such sources are characterized with a significant isotropic component, other reasons are not excluded since the seismic processes are associated with the new stress state in the vicinity of the blasted area (Wojtecki et al. 2017 ). This observation is supported by the lower ISO values visible in sub-group IB. Nevertheless, events in the first group are characterized by high contribution of non-DC forces and represent strong source dilatation. Such focal mechanisms could be caused by the horizontal crack opening or cavity collapses (Hasegawa et al. 1989) . Since only 2 of the investigated post-blasting events had been associated with observed consequences, like rockburst or roof and pillars support damages, we are inclined to the hypothesis of crack opening sources. This explanation could be supported by layered roof rocks which under stress changes caused by exploitation could stratify their structure (Gogolewska and Michalak 2009; Waczur and Zaczek 2004) . The events in group II are 'common' spontaneous events with energy between 1.1 9 10 5 and 3.2 9 10 7 J. Their sources are characterized by various types of mechanisms (Fig. 4) and we cannot find any kind of similarity in the full MT components. However, the most interesting feature of this group is that mean value of DC component is significantly greater than for group I (Fig. 6 ) with respect to all analysed events. The average DC for this group is 0.33 ± 0.23 but we also have to highlight that results of decomposition in case of group II are strongly scattered for DC as well as for ISO and CLVD. Sources of higher and positive CLVD component could be caused by stratify roof rock structure due to rockmass stress changes under exploitation. Nevertheless strong contribution of negative non-DC part is also observed in some of the spontaneous events. Under mining conditions it could be explained by pillars cracks. In the group of non-provoked events, as opposed to group I, double couple sources are also observed. Induced mining events with strong DC forces contribution could be caused by small faults reactivation or shear motion on discontinuities due to stress changes in the vicinity of extraction area. This observation suggests that the events are rather associated with very local geologic/tectonic settings and actually could be considered spontaneous or, in other words, non-expected/non-provoked events.
Source Parameters of Mining-Induced Events
Most seismic source theories based on kinematic or quasidynamic dislocation models predict that the far-field displacement spectrum should remain constant at low frequencies and become inversely proportional to some power of the frequency at higher frequencies (Madariaga and Ruiz 2016) . While the spectrum is constant and proportional to the seismic moment at low frequencies, this spectrum begins to decrease at a certain value of the corner frequency (f c ), which is inversely proportional to the size of the source. This division of the spectrum leads to two independent components: the low-frequency spectral level (X) and the corner frequency, which are obtained by the intersection of the high-and lowfrequency asymptotes of the spectrum. A procedure based on the inspection of seismograms in the frequency domain is often used in mining seismology for estimating the source parameters although, not for blasting effects (Wojtecki et al. 2017) . In this study, spectral analysis was applied to estimate the source parameters: scalar seismic moment, seismic energy, source radius, stress drop and apparent stress. The scalar seismic moment for each event was calculated upon the Boore and Boatwright (1984) assumption of low frequency spectral level X, while the corresponding moment magnitude M w was obtained according to Hanks and Kanamori (1979) . The seismic energy was calculated with the Boatwright and Fletcher (1984) relation between the radiated energy of P-and S-waves and the energy flux contained in the P-and S-wave signals in frequency domain. The source radius was calculated according to the Brune (1970 Brune ( , 1971 formalism with the use of the Madariaga (1976) circular fault model, which provides reasonable results in good agreement with in-mine observations (Gibowicz and Kijko 1994; Domański and Gibowicz 2008 ). The same model was used to estimate the stress drop. To calculate source parameters, we used signals with time windows limited to P-and S-wave trains. Only unclipped seismograms ( and signal integration were used to obtain the real displacement records. Then, the time signals were tapered and the displacement spectra were calculated by the Fast Fourier Transform (FFT) technique with constant Q P = 400 for P-waves and Q S = 200 for S-waves. All obtained results are presented in electronical supplement Table_SE1 and in Figs. 8, 9, 10, and 11 as a comparison between static and dynamic source parameters: seismic moment (M 0 ), radiated energy (E R ), apparent stress (r a ), static stress drop (Dr), and source radius (R). Figure 8 shows the relation between M 0 and E R , parameters describing the size/strength of the seismic source. For each group of data group I sub-group IA, and sub-group IB and group II we tried to find correlations among parameters using the leastsquares method. Linear regression was conducted for logarithmic data, and the results are presented in Table 1 . The estimates were based on 16 values for group IA, 28 values for group IB and 47 values for group II. The remaining 3 values for group IA, 4 values for group IB and 3 values for group II were rejected as generating outlying residuals. The correlation between logM 0 and logE R , both in postblasting event groups and non-provoked events, is high (R I = 0.907 and R II = 0.781). There are also no significant differences between the logM 0 and logE R correlations for sub-group IA and sub-group IB of post-blasting events (R IA = 0.932 and R IB = 0.910). The results for all 101 events are consistent with those from other studies carried out for Rudna copper mine seismic data recorded for group of nonprovoked tremors (Gibowicz and Domański 2001; Domański and Gibowicz 2008) .
Next, the spectral parameter estimated from the E 0 /M 0 relation is an apparent stress. Usually, apparent stress is defined as the released energy per unit area of the fault plane and the displacement of the fault. If the P-wave contribution to the seismic energy is neglected, it is considered proportional to the stress drop (Snoke et al. 1983 ). Since the P-wave energy cannot be neglected in this case study, the apparent stress becomes an independent parameter describing the source properties (Gibowicz 1990 ; Gibowicz Table 1 Parameters of linear regression with standard errors for selected groups of events A. Caputa and Ł. Rudziński Pure Appl. Geophys. et al. 1991) . Previous studies carried out with mining tremors show that apparent stress values can vary between 0.01 MPa and 10 MPa for very weak tremors that occurred in hard-rock gold mines with magnitudes down to M -4.5 (e.g., Kwiatek et al. 2011 ) and from 0.001 to 0.15 MPa for Rudna mine events with seismic moments M 0 of 10 11 -10 14 Nm;
these events occurred during a 10 years period from 1995 to 2005 in different panels (Domański and Gibowicz 2008) . In this case study, r a varies between 0.0001 and 0.05 MPa (Fig. 9 ) which is in good agreement with those parameters estimated in previous studies. The events within both sub-groups containing after-blasting tremors are characterized by the quite similar median values of r a (Mr a IA = 0.010 MPa and Mr a IB = 0.011 MPa) while non-provoked events are characterized by a lower median value (Mr a II = 0.005 MPa) (Fig. 9 ). Higher apparent stress medians for provoked mining events can imply the high efficacy of blasting works and the partial stress reduction on the excavation level caused by explosive charge detonations. Another investigated parameter, the E S /E P -ratio, is treated as an important indicator of possible failure processes, or energy distribution under different seismological conditions. It is general knowledge that the E S /E P values for natural earthquakes are significantly higher than those ratios observed in anthropogenic seismicity including that produced by mining activities or fluid injection (e.g., Vavryčuk 2001; Castro and Ben-Zion 2013; Kwiatek and BenZion 2013) . For natural earthquakes, this parameter is mostly linked with shear motions on faults, manifested by significantly stronger S-wave radiation. On the other hand, small values of the E S /E P ratio can be correlated with tensile source processes attributed to non-double-couple parts of the focal mechanisms (Kwiatek et al. 2011) . It has been shown that the E S / E P ratio in the case of mining-induced seismicity is rather small in comparison with that of natural earthquakes. This differences can be interpreted as a result of the influences of non-DC forces (Gibowicz and Kijko 1994; Gibowicz and Domański 2001; Kwiatek et al. 2011) . We consider results for E S /E Pratios determined for each group of tremors (Fig. 10) .
In general, all seismic events are characterized by small E S /E P which can suggest their non-DC nature.
There are no significant differences among groups I and II although for events that occurred just after detonations (sub-group IA), the ratios are smaller than those for the rest of the groups. Differences are also visible on example seismograms (Fig. 7 and electronical supplement ESM_1.pdf). The median value of the E S /E P ratio in group IA is equal to 0.58, whereas the medians for events that occurred during the waiting time and non-provoked events are similar and equal: 1.49 and 1.41, respectively. These observations can be partially explained by the influence of isotropic forces acting on tremors in sub-group IA. On the other hand, there is no additional evidence that events occurring within established waiting times (IB) are characterized by different ratios in comparison with 'common', non-provoked earthquakes.
Although most of the seismic sources analysed during this study were characterized by non-DC parts in the full MT, we have decided to also consider the static stress drop Dr as an additional indicator of possible differences among groups of events (Fig. 11) . According to different studies, Dr could be influenced by various factors such as hypocentral depth (Baltay et al. 2011) , rock strength and size of its damages (Feignier and Grasso 1991) or focal mechanisms (Kwiatek et al. 2015) . According to presented results focal mechanism are features differentiating mining events analysed in our study. The stress drop was calculated assuming the circular model of Madariaga (1976) , where Dr describes the average difference between the initial shear stress before an earthquake and the final stress levels. Typical values of the stress drops for mining tremors in different mining areas range from 0.1 to 10 MPa (e.g., McGarr 1994; Gibowicz and Domański 2001; Yamada et al. 2007; Kwiatek et al. 2011 ) which in general is similar to the Dr observed for natural earthquakes. The results obtained for groups of events in this case study (Fig. 11) are in good agreement with previous estimate. The range of stress drops calculated for the group of post-blasting events (group I) varies between 0.15 and 13.50 MPa and for non-provoked events (group II) from 0.12 to 19.54 MPa. Nevertheless, it is very difficult to show any specific differences between particular groups of events. This statement is also supported by the high scatter in obtained values for each group of events Vol. 176, (2019) (Fig. 11b ).
Discussion and Conclusions
In this study, we attempted to find any valuable seismological information to support the idea that the seismic sources of tremors that occurred after the blasting works are different from other spontaneous events which were not registered during the waiting time. Two seismic source analyses were employed to verified whether the source parameters estimated for events in the waiting time are different from the parameters obtained for spontaneous mining-induced tremors. While the source mechanisms of postblasting seismicity exhibit an interesting feature, namely, they are characterized by similar and statistically significant non-DC parts of the full MT, the spontaneous mining events are not similar in a sense of the full MT decomposition. All focal mechanisms of events which occurred during the waiting time period present similar explosive and tensile forces corresponding to horizontal cracks opening. These features could be partly caused by additional stress from rock fracturing due to explosion and/or stratify the roof rocks under exploitation stress changes. Similar positive non-DC sources are also observed in the group of non-provoked events what could be also justified by the roof rocks stratify mechanism. Nevertheless, the group of spontaneous events is very diverse in terms of focal mechanisms. It contains tremors of high shear motion contribution as well as compressive sources, which under mining conditions, could be explained by compressing pillars cracking. Due to the significant variety of results in the second, spontaneous group of events we are not able to define unequivocally differences between provoked and unprovoked mining seismicity. Furthermore in light of our results we believe that MT analyses for the purposes of blasting effectiveness evaluation should be rather considered statistically, on big groups of events, then locally for separate detonations. Additionally, using the source mechanisms only, we cannot define explicit and clear differences between events occurring immediately after blasting (i.e., max 30 s after detonations) and the group of events recorded during the waiting time. A similar conclusion can be derived when spectral parameters are considered. Nevertheless, according to our study, we can observe lower values of apparent stress in the group of spontaneous mining events. Higher apparent stress median values of post-blasting groups (group Ia and Ib) could be an effect of variance in the stress field due to detonation of the explosive charge. On the other hand, the stress drop analysis does not show any significant differences between stress changes caused by post-blasting seismicity and those caused by non-provoked events. The second parameter indicating a distinction between post-blasting and spontaneous seismicity in Rudna copper mine is the E S /E P ratio. The group of events occurring immediately after detonation (up to 30 s after detonation) exhibits lower values of the E S /E P ratio than those for seismicity that occurs during the waiting time or for non-provoked events. In this case, reduction of S wave energy could be explained by higher explosive and tensile forces that acted in seismic sources provoked by rockburst active prevention. On the other hand higher contribution of P-waves, observed on the seismograms, may indicate explosive forces that were acting in analysed seismic sources. These results suggest that the E S /E P ratio and apparent stress combined with MT analysis could be recommended as potential indicators of post-blasting seismicity and could be used in a blasting effectiveness evaluation. However, that estimation of detonation efficiency based on the presented parameters should be investigated under different mining conditions and according to the various blasting methods. Publisher's Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
